A semi-empirical model for transport of inorganic nanoparticles across a lipid bilayer: Implications for uptake by living cells by Nolte, T.M. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a postprint version which may differ from the publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/142441
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
1 
 
Running head: Passive uptake of nanoparticles 1 
Tom M. Nolte 2 
Mail address: P.O. Box 9010, NL-6500 GL Nijmegen, The Netherlands 3 
Telephone: +31(0)24 365 29 32 4 
Email: a.j.hendriks@science.ru.nl 5 
Words: 5401 6 
References: 101 7 
Tables: 0 8 
Figure legends: 4  9 
2 
 
A semi-empirical model for transport of 10 
inorganic nanoparticles across a lipid bilayer – 11 
Implications for uptake by living cells. 12 
 13 
Tom M. Nolte, Katja Kettler†, Johannes A. J. Meesters†, A. Jan Hendriks†*, Dik van de Meent†‡ 14 
 15 
†Radboud University Nijmegen, Institute for Water and Wetland Research, Department of Environmental 16 
Science, P.O. Box 9010, NL-6500 GL, Nijmegen, The Netherlands 17 
‡National Institute of Public Health and the Environment RIVM, P.O. Box 1, 3720 BA, Bilthoven, The 18 
Netherlands  19 
3 
 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
*Corresponding author:  41 
E-mail: a.j.hendriks@science.ru.nl 42 
Mail address: P.O. Box 9010, NL-6500 GL Nijmegen, The Netherlands  43 
4 
 
Abstract 44 
Due to increasing application, release of nanoparticles (NPs) and nanomaterials (NMs) into the 45 
environment becomes likely. Knowledge about NP uptake in organisms is crucial for risk assessment 46 
including estimations on the behavior of NPs based on their physicochemical properties. In this study, we 47 
have applied the current scientific knowledge to construct a mathematical model which estimates the 48 
transport of NPs through a model biological membrane. The semi-empirical model developed showed all 49 
parameters studied to substantially affect the agglomeration of the NPs in suspension, thereby also 50 
affecting passive transport. We quantified the effects of pH, ionic strength and organic matter (OM) 51 
concentration of the medium and NP size of several inorganic NPs on the permeation through the lipid 52 
membrane. Model outcomes and experimental results described in literature were strongly correlated for 53 
several metal oxide NPs. With caution, the model may be used to explain some of the existing variance in 54 
nano-uptake and toxicity experiments. 55 
Keywords: Nanoparticles; (size-dependent) uptake; passive uptake; agglomeration; model membrane  56 
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Introduction 57 
Many classes of nanoparticles (NPs) and nanomaterials (NMs) have been synthesized and 58 
characterized over the last decades. Examples include gold [1], metal oxide [2], semiconductor [3], and 59 
organic NPs [4]. These materials are promising for many kinds of applications including catalysis [5], 60 
medical diagnosis and therapy [6], sensors [7], cosmetics [8], and coatings [9]. It is inevitable that this 61 
abundant use of NPs will lead to some release into the environment. Therefore, concern has been 62 
expressed about possible adverse effects of synthetic NPs [10, 11]. In spite of the rapidly increasing 63 
number of products containing NPs [12], quantitative knowledge about impacts on human health and 64 
ecosystems remains limited. There is ample evidence [13, 14] that exposure to synthetic NPs may result 65 
in toxic effects on various organisms. 66 
Understanding of the mechanisms by which NPs exert toxic effects is increasing: toxicity is 67 
thought to be related to specific physicochemical properties like size, surface area, surface charge and 68 
surface chemistry; due to the large specific surface area of NPs relative to bulk-sized particles, release of 69 
NP associated toxicants to the surrounding medium is high. Additionally, it is hypothesized [16, 17] that a 70 
NP expresses the largest amount of toxicity when it has crossed the biological membrane and has free 71 
access to internal cellular matrices like structural proteins such as actin and microtubules, 72 
oligonucleotides (DNA and RNA), as well as larger constructions such as mitochondria or Golgi 73 
apparatus, i.e. the Trojan Horse effect. The direct interaction of NPs with biological membranes remains a 74 
key part of identifying the potential hazard of NPs because it can hamper biological responses or cause 75 
the biological membrane to disintegrate altogether. The combination of observations suggests that the 76 
overall cellular damage can be assessed when the ability of a NP to attach and breach the plasma 77 
membrane and enter the living cell is known. This suggestion is in agreement with the results acquired 78 
from toxicity assessments on molecular xenobiotics in which bilayer permeation models [18, 19] are 79 
used: the absence of a toxic effect can be attributed to a low uptake. These models on xenobiotics use 80 
empirical parameters like the n-octanol/water partitioning coefficient (Kow) and molecular weight (Mw), 81 
descriptors which have demonstrated good predictive power when applying to small molecules. When 82 
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assessing cellular uptake of NPs, one may consider the application of the same models. However, this 83 
application raises theoretical and practical difficulties: Can Mw and Kow serve to predict the effects of the 84 
nanoforms of chemical substances? And if so, can substance properties of NPs be determined by the 85 
commonly used assessment methods? Answering these questions involves determining the differences in 86 
behaviors and effects on cellular matrices between xenobiotics and their larger nanoforms. 87 
A notable difference between the two is the large size of NPs relative to conventional chemicals. 88 
Diffusion through a lipid bilayer, or passive transport, has been relatively well described for small organic 89 
molecules in the last decades [20, 21]. Accordingly, passive uptake of NPs by living cells was assumed 90 
possible only for relatively small sizes [22, 23]. In contrast, recent studies show that classes of particles of 91 
certain size and hydrophobicity [24-28] can passively translocate a lipid membrane. Apart from its effect 92 
on diffusion, the relatively large size of NPs also induces colloidal interactions with the biological 93 
membrane exterior. Although most NPs express adsorptive behavior when in contact with biological 94 
materials like proteins and membranes, due to these colloidal interactions, the rate and state of adsorption 95 
may be heavily reduced. Experiments [29-32] show that NP charge, membrane charge and surface 96 
coverage are often the rate-determining properties of the system. This effect along with colloidal 97 
agglomeration, which greatly alters the permeate volume, makes distinguishing between ad- and 98 
absorption (in)to the biological membrane difficult. Also, reaching an experimental thermodynamic 99 
equilibrium state between water and a membrane is often not practical. Most NP suspensions have been 100 
shown to increase their effective size through agglomeration upon entering natural aqueous media, which 101 
has a significant effect on the overall bioavailability of nanoparticulates [33-38]. Several studies have 102 
addressed the agglomeration of different NPs in aqueous solutions, including the effect of increasing ionic 103 
strength (  ), different pH levels and the interaction of NPs with natural organic matter (NOM) [39-45], 104 
i.e. heteroaggregation, on the size of agglomerates. These processes and system properties affect the 105 
balance between attractive and repulsive forces and ultimately control the rate and state of agglomeration 106 
of the NPs in solution. Both experimental and theoretical methods exist for determining the colloidal 107 
stability of a NP suspension [40, 41, 46, 47]. Classical DLVO theory (the theory on interaction forces 108 
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between charged surfaces in aqueous media according to Derjaguin, Landau, Verwey and Overbeek) [48, 109 
49] uses the combination of electrostatic and Van der Waals interaction to construct energetic interaction 110 
profiles for charged bodies. However, it has been proven insufficient for predicting the agglomeration 111 
kinetics of NPs in complex environmental media [50, 51]. Among a variety of additional interactions, one 112 
may also consider steric and bridging interactions due to the adsorption of NOM as well as Lewis acid-113 
base (polar), hydration and magnetic [52, 53] interactions, because these interactions have shown to play 114 
a significant role in the agglomeration kinetics of NPs. 115 
To the best of our knowledge, to date there is no integrated model for NP membrane permeation 116 
accounting for the many processes on which it depends. The aim of this study was to use the current 117 
scientific knowledge to quantify how processes and physicochemical properties determine the passive 118 
uptake of NPs by cells. To this end, we developed a simple mathematical model using conventional 119 
system parameters to make a quantitative estimation of passive transport of NPs across lipid bilayers. To 120 
test the plausibility of our model we correlated model output with experimental observations using living 121 
cells from literature. 122 
Methods 123 
The processes underlying passive transport of NPs through a membrane depend on NP and 124 
bilayer characteristics. A selection of several important processes and characteristics was based on the 125 
available general scientific knowledge of the colloidal behavior of NPs, their interaction with plasma 126 
membranes, and to which extent these processes affect the overall and separate stages of transport across 127 
plasma membranes. The hydrodynamic size, charge, hydrophobicity and lipophilicity of the NP along 128 
with the charge and permeability of the membrane are found to be very influential and most effective for 129 
describing the different stages of passive transport. Here we present a simple mathematical model in 130 
which the processes and different stages of passive uptake of NPs in model cells are formulated as a 131 
function of these properties. 132 
Model formulations 133 
For the determination of hydrodynamic size as function of several system properties we chose to 134 
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apply a semi-empirical expression originally developed by Li et al. [40, 41]: 135 
                
      
   
  
 
  
 
where    is the average hydrodynamic radius of the NP agglomerate (m),   is the primary particle radius 136 
(m),    the Boltzmann constant (1.38 10
-23 
JK
-1
),   the temperature (K),    is the number concentration 137 
of primary particles in the bulk solution (m
-3
),   the dynamic viscosity of the medium (taken to be 138 
8.9 10-3 Nsm-2 for aqueous solutions at 25°C),    the fractal dimension of agglomerates for diffusion-139 
limited agglomeration (1.8) [41] and   represents time (s). High agglomeration kinetics, expressed by a 140 
low value for the dimensionless colloid stability ratio  , gives rise to an increase of the average fractal 141 
agglomerate radius over time.   is defined as the reciprocal ratio of successful collisions and collision 142 
frequency of the particles and therefore is a function of both inter-particle attractive and repulsive forces 143 
[34, 46]: 144 
                
                
      
 
 
         
                
      
 
 
 
  
 
where   is a correction factor for the diffusion coefficient related to the separation distance   which is the 145 
normalized surface-to-surface distance between two particles (m) [34] and    and    are the sums of total 146 
and attractive energies, respectively (J). For the purpose of this study, energy profiles were constructed 147 
for smooth, spherical and non-magnetic NPs using four separate expressions for interaction energies: Van 148 
de Waals forces, electrostatic forces, Lewis acid-base (polar) forces and organic matter (OM) 149 
repulsion/bridging. However, adsorption of OM distorts the electrostatic forces, Van de Waals and Lewis 150 
acid-base interactions. The extent of this distortion could be estimated using the specific physicochemical 151 
properties of the OM [41, 54-56] (SI2). In our simulation, the OM had properties similar to that of 152 
standard Suwannee River Fulvic Acid (SRFA), the physicochemical characterization of the OM is 153 
described in detail in the supporting information, sections SI2 and SI6. The stability ratio, and 154 
consequently average agglomerate size, was thereby determined by dividing the total energetic integral 155 
(fast agglomeration) over the attractive integral (slow agglomeration), Eq. 2. Detailed statements on the 156 
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interaction energies and default values for the physicochemical properties used as input parameters for 157 
NPs can be found in SI1 and SI2, respectively. 158 
Electrostatic effects in nanoparticle-bilayer adsorption 159 
We considered the exchange of NPs between a stationary bulk solution and adsorbent layer, a 160 
system in which hydrodynamic forces are neglected. In our model, the fluxes between these 161 
compartments were approximated following Fick’s first law for diffusion: 
   
  
             . Where 162 
   and    represent the particle number concentrations in the bulk solution and adsorbent layer, 163 
respectively. We thereby applied a mechanism of reversible adsorption with desorption dependent on the 164 
particle number concentration in the adsorbent layer. Diffusion coefficients   were calculated via the 165 
average hydrodynamic radius, as determined by eq. 1, using the Stokes-Einstein equation. Here, we 166 
consider monodispersity with the hydrodynamic radius representing the real-time size of all agglomerates 167 
to be a reasonable simplification, as a measured change in the average hydrodynamic radius provides 168 
useful information about the apparent diffusion coefficient and levels of molecular adsorption [56-60]. 169 
Adsorption fluxes as part of the overall passive transport are graphically represented by Fig. 1. In our 170 
simulation the membrane exterior had a surface potential of -40 mV. Fluxes were therefore adjusted by 171 
using rate-limiting factors   so that EDLVO (an extension to DLVO theory) interactions between the NPs 172 
and the negatively charged bilayer were accounted for. Distortion of   due to surface coverage of the 173 
membrane can be accounted for via the application of partition ratios   that account for variations in the 174 
equilibrium states of ad- and absorption due to the screening and agglomeration behaviour of adsorbed 175 
particles (see section on bilayer diffusivity). Further statements on   and the interaction energies can be 176 
found in SI3.  177 
Bilayer diffusivity 178 
We applied an empirical relationship between both the size and lipophilicity of NPs on the one 179 
hand and the permeability of bilayers to NPs on the other as reported by Fiedler and Violi [26], derived 180 
from the expression of the intrinsic resistance of biological membranes [61, 62]: 181 
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  representing the number of translocation events of NPs per time unit through a membrane 182 
region with length   (taken to be 6.8 10-9 m). The diffusion coefficient in the membrane region is 183 
represented as a quotient of the average diffusivity of the membrane    (as calculated to be 2.0×10
-27
 ms
-
184 
1
 for spherical fullerene NPs with an approximate radius   of 5×10-10 m [26]) and the scaled permeate 185 
hydrodynamic volume    (m3), as calculated from the hydrodynamic radius    (Eq. 1, SI4). Here it 186 
should be noted that our method of conversion of the hydrodynamic radius to volume is only valid for 187 
spherically shaped agglomerates, i.e. for the reaction limited agglomeration regime (RLA). The 188 
concentration of particles in the adsorbent layer Na (m
-3
) is determined by the process descriptions 189 
described in the previous section.   is a partitioning function that describes the ratio of NPs between 190 
water and lipid bilayer phases that arises from the Gibbs free energy change upon NP-bilayer interaction. 191 
For the purpose of this study, we assumed that eq. 3 provides an estimation on the permeability of lipid 192 
bilayers for NPs and that transport is governed primarily by a distinct and uniform hydrophobic barrier 193 
region, indicated by the membrane layer in Fig. 1, through which the permeability of small, lipophilic 194 
NPs or agglomerates is increased. Further details on the algorithm can be found in the SI: parameters for 195 
permeation, SI4. For the construction of the mathematical model, we used Matlab (R2012a), symbolic 196 
and curve fitting toolboxes from Maple (version 15). 197 
Parameter selection 198 
We used points of zero charge         , Lifshitz-van de Waals energies   
  , acid-base (polar) 199 
energies      and primary particle radius   as NP properties and ionic strength   ,    and OM 200 
concentration     as medium properties for the physicochemical parameterization of the model system, 201 
as these were considered to be the most important characteristics. We focused on spherical metal oxide 202 
NPs because surface potentials can be approximated using the Nernst equation and EDLVO interactions 203 
are well described. Because we found few quantitative experimental data on the lipophilicity of NPs, we 204 
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used results from contact angle measurements and molecular modeling studies to estimate   (SI2, SI4). 205 
We focused on the results from molecular modeling because these studies were able to quantify water-to-206 
bilayer Gibbs free energy changes with limited effects of colloidal interactions and agglomeration. We set 207 
the scaling factor   constant at 0.8 [26-28, 63] and   by default to 1×105 for hydrophilic NPs and NP 208 
agglomerates (SI4). The number concentration of NPs in the bulk solution    was set constant, whereas 209 
concentrations in the adsorbent layer    and permeated area    were zero at    , respectively. Also, 210 
there was no agglomeration at    . We used total permeated primary particle surface area per bilayer 211 
area (m
2
/m
2
) as an endpoint value to quantify the total passive transport of NPs and NP agglomerates 212 
because surface area can effectively be related to interaction with cellular matrices, cellular uptake and 213 
toxicity. Also, data on uptake [16, 64-67] as well as toxicity [68] for a range of different NPs and NP 214 
characteristics were used to test the plausibility and quality of the model. To this end, system 215 
characteristics from several studies were implemented in the mathematical model and outcomes were 216 
tested for a correlation with experimental data and observations. 217 
Results 218 
Using classical colloid chemistry and the relationships found in literature (eq. 1-3), we simulated 219 
the evolution of hydrodynamic size over time and determined its effect on adsorption and permeation 220 
through a model biological membrane. The outcome shows the amount of surface area to have permeated 221 
the membrane to be around 10
14
 m
2
/m
2
 for a range of metal and metal oxide NPs (Fig. 2). This similarity 222 
in permeation for different NPs is expected because colloidal interactions are enhanced upon increasing 223 
NP size, and thus permeation of a small NP is primarily governed by its initial state of agglomeration [27, 224 
28, 37]. 225 
Effectiveness of passive uptake for different NP species 226 
At standard conditions the oxide NPs γ-Al2O3, ZnO, MgO and CoO are able to passively cross 227 
over a lipid membrane most effectively (Fig. 2). The large difference in permeation between semi-228 
hydrophobic α-Al2O3 and γ-Al2O3 was due to the differences in the surface energy components for the 229 
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polymorphs. The effect of increased charge density on NPs was noticeable: the large charge on SiO2 and 230 
WO3 particles results in unfavorable EDL overlap with the lipid bilayer causing inhibition of adsorption. 231 
In contrast, a small NP surface potential facilitates permeation through the lipid bilayer because the 232 
particles acquire relatively small permeate volumes due to electrostatic stabilization. Although the effect 233 
of EDL interaction and agglomeration on bilayer permeation can be quantified, large differences in 234 
permeation between hydrophilic and hydrophobic NPs are expected due to variations in NP lipid affinity 235 
[27, 28, 69-71]. Additional calculations (SI4) show that for hydrophobic fullerene C60, gold, silver, 236 
copper oxide and other rare earth oxide NPs with radii 0.5-2 nm uptake may be increased up to several 237 
orders of magnitude. 238 
Influence of NP charge  239 
We have further explored the model by investigating its response to changes in NP charge, by 240 
varying the pH in the simulation. The outcome shows the combined effects of agglomeration and NP-241 
bilayer EDL interaction on NP permeation: around the point of zero charge         , NP agglomerates 242 
acquire a large volume inhibiting permeation through the bilayer, whereas EDL interaction becomes 243 
dominant at extreme pH (Fig. 3a). We also noted a large difference in the predicted bilayer permeability 244 
for silica particles in freshwater (   1 mM) and marine waters (100    1000 mM). An effect that is 245 
reversed for titanium dioxide particles, although around ten orders of magnitude weaker (Fig. 3b).  246 
Influence of permeate size and OM 247 
The competing effects of permeate volume and EDL interaction is visible upon varying the NP 248 
size in our simulation: uptake of γ-Al2O3 particles increases towards a maximum around a diameter of 22 249 
nm, whereas silica and zinc oxide uptake show maxima around 10 and 40 nm, respectively (Fig. 3c). 250 
These maxima arise from the combined effects of unfavorable geometry of the NP-bilayer EDL 251 
interaction and decreased agglomeration upon increasing the NP size; such maxima have been observed 252 
experimentally [72, 73]. The model also predicts a ~100-fold increase in passive uptake for certain types 253 
of NPs in media with high OM concentrations (Fig. 3d). An increase arising from steric and electrostatic 254 
stabilization of the NPs suspension through OM coating. 255 
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Association between passive uptake and toxicity 256 
Comparing model calculations for several metal oxide NPs to toxicity data for human 257 
keratinocytes (HaCaT) and adenocarcinomic alveolar basal epithelial cells (A549) revealed a correlation: 258 
the cells showed relatively high sensitivity for zinc oxide and nickel oxide NPs for which our model 259 
predicts high uptake. Accordingly, tungsten oxide shows no significant toxic effects [68] (Fig. 4): 260 
Discussion 261 
Model plausibility and limitations 262 
Based on current knowledge, we constructed a simple mathematical model to estimate the 263 
transport of NPs through lipid bilayers. Literature has shown that the combination of eq. 1 and 2 264 
possesses good predictive power for the stability of NPs in clean and well-defined model natural aqueous 265 
media [41, 44]. However, predictive power of DLVO theory and its extensions remains limited as 266 
research still aims to determine the factors that influence the extent of several specific interaction 267 
mechanisms, e.g. OM and NP cation complexation and bridging [74]. Moreover, our model is only 268 
relevant for spherical NPs because statements on EDLVO interactions are not applicable to other 269 
geometries. Here, an extension to our model is possible via the selection of appropriate statements on the 270 
interaction energies of NPs of multiple geometries [75-77]. This study disregarded heteroaggregation 271 
with relatively large particulate (organic) matter because it is found that this process causes the 272 
suspension to lose its nano-specific properties as its new (fractal) dimensions exceed the ‘nano-range’, 273 
>100 nm. Though, due to the variety and variability in the character of the environmental medium the 274 
stability, and consequently bioavailability, of NP suspensions should always be re-determined for 275 
alternative experimental settings. Additionally, the application of a more real-life situation of polydisperse 276 
NP suspensions, in sharp contrast with our assumption of monodispersity, may enhance diffusion and/or 277 
adsorption processes [100]. 278 
Eq. 3 was originally developed to determine the permeation of small NMs (~1 nm) through lipid 279 
bilayers, but may also be applicable for larger NPs and NP agglomerates. This consideration is supported 280 
by the results acquired from simulation studies [27, 28] and experiments [24, 25, 78-80] which indicate 281 
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that NP agglomerates are able to translocate across membranes at low rates, inversely proportional to   . 282 
Although studies on the permeation of organic solutes and NPs give similar scaling factors for permeate 283 
volume, 
   
  
       [26, 63], variations between predictions based on experiments and predictions based 284 
on simple geometric considerations may  have to be explained   by specific membrane-colloid 285 
interactions. 286 
The behaviour of NP suspensions, as described through all theoretical and empirical relationships 287 
cited in this study, is highly influenced by several key physicochemical properties [40, 41, 43-45] and are 288 
all suitable for describing the different stages that underlie passive transport. For these reasons, the 289 
combination of these relationships suggests some degree of plausibility of the mathematical model 290 
proposed in this study. 291 
Effectiveness of passive uptake for different NP species 292 
Our model suggests that among the metal oxide NPs studied, γ-alumina, zinc oxide, magnesium 293 
oxide and cobalt oxide NPs are most effectively taken up by passive transport. This has been confirmed 294 
by experiments on cellular uptake of oxides of alumina, zinc and cobalt [16, 64-67]. We interpret this 295 
agreement as an indication of plausibility of our model: the uptake of these types of NPs may be partially 296 
explained by a mechanism of passive uptake. The model also suggests that permeation of anionic NPs is 297 
slightly faster than for cationic NPs. Ceria and iron oxide NPs uptake by model lung cells (A549) and 298 
non-phagocytosic HeLa cells was increased when the NPs were negatively charged [81, 82]. These 299 
observations may therefore be partially explained by NP-bilayer EDL overlap. However, an alternative 300 
explanation may be the ability of anionic NPs to increase the local density of lipids by increasing the tilt 301 
angle of PC headgroups [83]. This may result in the loss of integrity in biological membranes and 302 
increased permeability. 303 
Influence of permeate size 304 
The model also suggests maximum uptake efficiency at diameters of 10, 22 and 40 nm, whereas 305 
in literature the optimum is often reported to be around 50 nm [72, 73]. This observed difference may be 306 
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partially attributed to error replication, though this type of error is not likely a result of the sensitivity of 307 
the model as relatively large variations for input parameters gave rise to relatively small variations in the 308 
calculated values for passive transport: Fig 2; Fig 3; Table SI2.1. However, we present two possible 309 
mechanistic explanations for the observed differences: 1) The predominant mechanism in a specific nano-310 
uptake assay is a form of endocytosis, not part of our diffusion model, which may increase uptake by 311 
several orders of magnitude [25], and 2) the laboratory experiment is unable to quantitatively determine 312 
the effect of the initial state of agglomeration of the applied NP suspension on cellular uptake. To our 313 
knowledge no studies have been able to determine the effect of size or geometry of agglomerates on long-314 
range electric double layer (EDL) interactions with biological membranes. Still, one may expect 315 
distortion of the electrostatic interaction terms due to variations in the fractal dimension   . This 316 
distortion may become significant at relatively large fractal dimensions as agglomerates are more densely 317 
packed thereby magnifying the local electrostatic potential. Since the fractal dimensions of agglomerates 318 
are relatively low (           for         ), and the rotational diffusion time of an agglomerate 319 
with an average hydrodynamic radius of 50 nm is similar to uninhibited diffusion over a typical EDL 320 
length   of 10 nm, we know that a charged agglomerate with an EDL will have sufficient time to 321 
approach the membrane in the energetically most favourable orientation. Thus, when the primary particle 322 
size is in the same order as  , the profile of the energetic barrier for adsorption of agglomerates reduces to 323 
that of primary particles. 324 
Influence of NP surface functionality  325 
The effect of NP surface functionality on permeation has been studied by several groups [28, 69, 326 
84]; large differences in bilayer permeability for hydrophobic and hydrophilic NPs are often observed: 327 
Qiao et al. performed a molecular dynamics simulation [69] to calculate that the translocation time of 328 
hydrophilic C60(OH)20 is approximately 9 orders of magnitude larger compared to that for pristine C60. 329 
Other hydrophobic NPs like gold, silver and polystyrene NPs have shown to preferentially absorb into the 330 
hydrocarbon center of lipid bilayers [84-87]. Correlation between these simulations and in vitro studies is 331 
possible: An increase in hydrophilicity due to the adsorption of polyethylene glycol (PEG) led to 332 
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decreased particle uptake by macrophages [70, 71], as well as in non-phagocytic HeLa cells [88]. The 333 
combination of these simulations and experiments thus shows that the effective uptake of NPs is 334 
proportional to the lipid affinity of the NP, which suggests that our model calculations for hydrophobic 335 
NPs can only be compared with calculations for hydrophilic NPs by applying partitioning ratios   which 336 
may differ by several orders of magnitude. Difficulties remain because of large differences between 337 
penetration rates, which have been reported [26] for the same type of NPs. For example, carbon NMs 338 
show varying bilayer solvation energies as function of NP metric surface area, an effect that has been 339 
verified by Lin et al. [89]. Variations in   are also expected upon NP screening and/or agglomeration. 340 
Screening, through inter-particle repulsion, may significantly affect   in the case of highly charged 341 
particles. Though, when an primary particle shows no preference for either the water- or the lipid bilayer 342 
phase (   ), the partition function for a NP suspension does not include a term for inter-particle 343 
repulsion because there is no site at which NPs accumulate. In the case of highly lipophilic NPs, i.e. when 344 
the bilayer-NP interaction energy is significantly larger than the NP-NP interaction energy, the bilayer 345 
may eventually disintegrate an agglomerate into an equilibrium state of primary particles. In such case, 346 
the total free energy change may be approximated as the summation of solvation energies over all 347 
particles in the agglomerate. Because in this scenario all particles in the agglomerate experience similar 348 
driving forces, partition ratios for primary particles and agglomerates will also be similar. In the case of 349 
agglomerates of low lipophilicity, the partition ratio is less well defined: the change in total free energy 350 
cannot be approximated as a summation over all primary particles. This is because not all particles in the 351 
agglomerate will interact with lipid molecules. For this reason, one may expect a higher value for   for 352 
non-lipophilic agglomerates compared to non-lipophilic primary particles. We hypothesize that this 353 
variation in   may be estimated through relating the accessible surface area of agglomerates to the metric 354 
surface area of primary particles. However, the determination of these properties still invokes theoretic 355 
and experimental limitations [90]. Though the application of theoretical partitioning ratios for NPs looks 356 
promising, careful use is advised as molecular simulations often make assumptions in contrast with the 357 
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dynamic behavior of the biological membrane [91]. For these reasons, additional experiments are needed 358 
to assess the relative affinities of different types of NPs to lipids. 359 
Model evaluation  360 
The general trends of our model are in agreement with literature, which shows that non-361 
phagocytic cells favor the uptake of small-sized particles [25, 81, 82, 88]. Because of this agreement, we 362 
find our model able to screen a NP for its potential of cellular uptake by diffusion. We hypothesize that 363 
the model focusing on relatively small spherical metal oxide NPs (     nm) provides the best 364 
predictions on uptake by cells as a large NP size enhances colloidal interactions, thereby inhibiting 365 
passive transport (Fig. 3c). Additionally, larger particles are often observed to enter cells by endocytosis, 366 
possibly linked to increased receptor activation [92]. Specific cellular properties have also been shown to 367 
affect the uptake of NPs, i.e. uptake is related to differences between cell types e.g., phagocytic vs. non-368 
phagocytic, cancer vs. normal cells and monocytes vs. macrophages [93-95]. However, the metabolic 369 
activity of the cells used may affect particle uptake as has been shown with opposing results [73, 93, 96]. 370 
These studies collectively show that active uptake mechanisms are cell-line specific and consequently are 371 
relatively little predictive of bio-accumulation and toxicity. As an alternative, experimental models  using 372 
‘barren’ giant unilamellar vesicles (GUVs), supported lipid bilayers (SLBs) [29-31] and molecular 373 
simulations using self-consistent field theory (SCF) [97, 98] have successfully been used to predict the 374 
interactions between NPs and cell membranes [99, 100]. These studies show that membrane deformation 375 
and wrapping are induced by NP adhesion, effects that strongly reminds of cellular endocytosis processes 376 
observed in nature. This demonstrates that the complicated mechanisms of endocytosis can be explained 377 
by simple physical effects, indicating the potential of passive transport in nanotoxicity assessments as 378 
well as of nano drug delivery applications. 379 
Results from toxicity studies and their correlation with output from our mathematical model (Fig. 380 
4) also suggest that cellular uptake via a (partial) passive mode is significant for NPs of limited sizes 381 
(  20 nm): adverse cellular effects due to NP exposure that have been explained by 1) the inhibition of 382 
membrane-bound receptor function and 2) in- and extracellular signaling pathways as well as 3) the 383 
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physical disruption of the cellular plasma membrane, are processes which can easily be incorporated as 384 
extensions to our model. We recognize that various active modes of cellular uptake and intrinsic modes of 385 
NP toxicity like the –UV induced– production of reactive oxygen species (ROS) and dissolution of heavy 386 
metals (Cu
2+
, Ag
+
) play key roles in NP toxicity. However, intrinsic modes of toxicity may be expressed 387 
as a function of the rate of intracellular toxicant release, which can be estimated by determining the 388 
effective agglomerated surface area and stability in the cell culture media. Here, more experimental 389 
difficulties arise because processes like dissolution, agglomeration and sedimentation are inherently inter-390 
related, because all are dependent on surface area [101]. Moreover, it remains difficult to distinguish 391 
between the toxic effects of the particles themselves and an increased toxic environment due to NP 392 
solubilization. Due to the high degree of complexity additional research is necessary to investigate when, 393 
how and where a NP exerts its toxicity: directly or indirectly, extra-cellular or intra-cellular. 394 
Perspectives 395 
The results from our literature and modeling study pinpoints many areas of uncertainty, however 396 
also provides a framework for the screening of NPs by demonstrating that multiple scientific insights in 397 
the behavior of NP suspensions can help to understand the physical-chemical factors in control of passive 398 
transport. It is much too early to generalize this understanding to a priori prediction of NP toxicity, based 399 
on particle characteristics. However, we do feel that the results from this study explain how particle size 400 
and other particle characteristics can affect NP toxicity by their influence on passive uptake across 401 
biological membranes. 402 
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Figures 406 
 407 
Fig. 1. Graphic representation of the model. Reversible diffusion of NPs, or agglomerates, between the bulk and an adsorbent 408 
layer is followed by reversible diffusion across a membrane region. NPs are indicated by the white spheres. The system is 409 
described with   , ionic strength   , NP radius   and OM concentration     as adjustable parameters. 410 
 411 
Fig. 2. Estimated permeation of NPs through a model membrane in NP surface area per bilayer area (m2/m2). Uptake simulation 412 
over 24 hours, NP concentration in the bulk   =50 mg/L,   =7.5, ionic strength,    =50 mM, NP radius,  =2 nm (red) and  =10 413 
nm (blue). We applied no initial agglomeration or organic matter (OM) to distinguish between the effects of the properties of NPs 414 
rather than those of OM-coated NPs or agglomerates. Values for all partitioning ratios   were set constant at 1×105. 415 
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 416 
Fig. 3. Estimated permeation of NPs  through a model membrane in NP surface area per bilayer area (m2/m2) as function of pH 417 
(a), ionic strength (b), NP radius (c) and NOM concentration (d). In the separate simulations, parameters were set constant at: NP 418 
concentration  =50 mg/L, NP radius  =10 nm,   =7.5, ionic strength   =50 mM and OM concentration    =0 mg/L. Values 419 
for all partitioning ratios   were set constant at 1×105. 420 
 421 
Fig. 4. Estimated permeation of NPs through a model membrane in NP surface area per bilayer area (m2/m2) vs. measured 422 
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toxicity endpoints for human HaCaT and A549 cells exposed to WO3, La2O3, MgO, NiO and CuO NPs (data shown from left to 423 
right). The left axis denotes cell viability (%) and the right axis the intracellular production of reactive oxygen species (ROS), 424 
relative to control (1). Data taken from [68]. 425 
Associated content 426 
Supporting Information. Detailed information and equations for the formulations of the model system is 427 
provided as Supporting Information (SI). This material is available free of charge via the Internet at 428 
http://pubs.acs.org.  429 
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SI1. Calculation of NP-NP interaction energies and energy profiles 697 
 698 
The energy profile was constructed using four expressions for interaction energies: Van de Waals forces, 699 
electrostatic forces, Lewis acid-base (polar) forces and steric repulsion/bridging due to the coating by 700 
organic matter: 701 
 702 
                           
 703 
The Van de Waals attractive energy      between two identical spherical particles can be computed 704 
using equation 2, which incorporates the retardation effect [1, 2]: 705 
 706 
              
   
      
              
 
 707 
Where      is the Lifshitz-van de Waals free  energy of interaction between NPs in water at distance   , 708 
which is the minimum equilibrium distance due to Born repulsion, 0.157 nm (see SI2 for the 709 
physicochemical characterization of NPs).   is the particle radius.   is the separation distance between the 710 
interacting surfaces and    is the characteristic wavelength of the interaction, which is often assumed to 711 
be 100 nm [3]. 712 
 713 
The electrostatic repulsive energy    between two identical spheres of radii r was approximated with 714 
equation 3 [2, 4]: 715 
 716 
            
        
  
   
         
          
          
                    
 717 
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Where    represents the reduced potential at the Stern layer:     
  
   
,     is the potential (V) in the 718 
diffuse layer, as approximated via       
 
   
     , where   = 0.5 nm [4] and the inverse Debye 719 
length       
      
      
.    is the Boltzmann constant; 1.38×10
-23 
J/K;   is absolute temperature, 298 K;   720 
is unit charge, 1.602×10
-19 
C;    is the vacuum permittivity, 8.854×10
-12 
CV
-1
m
-1
;   is the relative 721 
permittivity of water, 78.5;    is Avogadro’s number, 6.02×10
23
 mol
-1
;   is the ionic strength (M);    722 
represents the surface potential of NPs with OM coating. 723 
 724 
The acid-base energy     between two identical spheres is expressed in equation 4: 725 
 726 
               
       
    
 
  
 727 
Where   is the correlation length or decay length of the molecules of the liquid medium (for pure water, 728 
this value is estimated to be 1 nm [5]);      is the polar or acid-base free energy of interaction between 729 
NPs at the distance    (SI2). 730 
 731 
The forces contributed by an adsorbed layer of organic matter can be computed with scaling theory [6–8], 732 
which is based on minimizing the surface free energy under the constraint that total amount of adsorbed 733 
OM is fixed in the region between two interacting surfaces. The interaction energy due to the OM layers 734 
was computed with equation 5: 735 
 736 
                
      
     
    
        
      
  
   
  
 
  
    
   
    
 
  
  
 
   
 
 
    
 
 
       
   
 737 
Where     is a numerical constant relatable to the experimental osmotic pressure of semidilute solutions, 738 
36 
 
taken to be 2.6×10
2 
nm;     is polymer concentration at a single saturated surface, taken to be 0.3;     is 739 
the scaling length, 1nm [4];   is total amount of OM adsorbed on a single surface;    is the adsorbed 740 
amount at saturation;   represents the thickness of the adsorbed OM layer, taken to be 1 nm (SI5). The 741 
first and the second terms within the brace in equation 5 represent bridging attraction and steric repulsion, 742 
respectively. All equations on the interaction energies give the interaction energy in J. 743 
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SI2. Physicochemical characterization of NPs 763 
 764 
NPs were characterised using three physicochemical properties: points of zero charge         , Lifshitz-765 
van de Waals energies      and Lewis acid-base energies     . 766 
 767 
Surface potentials   
  of the bare NPs were estimated using the Nernst equation:   
  
        
 
          768 
   , where pHp.z.c. is the pH of the medium at which the bare NPs have no net charge (table SI2.1).  769 
 770 
Lifshitz-van de Waals free energies      were determined via the relationship           
   771 
              
   . Here     and   
   are the Lifshitz-van de Waals surface tensions of the NPs 772 
(table SI2.1) and water, the latter being 21.8 mJ/m
2
 [1].  773 
 774 
The Lewis acid-base energies      were determined via             
   
           775 
      
         
    for interaction in water, where   
  and   
  are the electron acceptor and donor 776 
terms of water,   
    
  25.5 mJ/m2 [1], and    and    the electron acceptor and donor terms of the 777 
NPs (table SI2.1). 778 
 779 
Short-range interaction forces between NPs have shown to depend on the amount of adsorbed OM 780 
molecules, which distort the electronic properties of the bare NP surface. In case of OM coating, we 781 
assumed that the ionized groups of the polyelectrolyte molecule are uniformly distributed over the NP 782 
surfaces and that the polyelectrolyte molecule completely screens the dispersive and electrostatic forces 783 
exerted by the underlying NP surface. Also the polyelectrolyte layer is rigid, i.e. there are no mobile 784 
charge carriers. Harding and Berg [2] characterized the dispersion force component of the surface energy 785 
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of silica particles treated with coupling agents to varying degrees of coverage. Following this work, we 786 
assumed that the distorted surface energy components could be determined from the inferred fractional 787 
coverage as follows: 788 
 789 
            
   
 
  
   
      
    
           
  
 
  
   
     
   
           
  
 
  
   
     
   
          
  
 
  
   
     
   
 790 
Where   
  ,   
  and   
  are the surface tension components of the bare surface of the NPs (table SI2.1). 791 
   
  ,    
  and    
  are the surface tension components of the OM, taken to be 45 mJ/m
2
, 0.3 mJ/m
2
 and 792 
45 mJ/m
2
 as input values as are common for humic acid-covered particles, celluloses, lignins, plasma 793 
proteins and other polymers [3-7].    
  is the surface potential of NPs with complete OM coverage, taken 794 
to be -40 mV [3]. For statements on the approximation of the partial coverage 
 
  
 by the adsorbed OM 795 
layer see section SI5. 796 
 797 
Material (density, g/ml)            
   (mJ/m2)   
 ,   
  (mJ/m2) references 
SiO2 (2.648) 2.5 0.5 39.2 2.4 0.8 0.3, 
41.4 3.0 
8, 9 
TiO2 (4.23) 5.5 1.5 42.1 1.2 0.6 1.2, 
46.3 5.1 
8, 9 
CeO2 (7.65) 7.3 49.84 0.1225, 
65.61 
8, 10 
α-Al2O3 (4) 8.5 0.5 31.6 3.5 0.6 0.4, 8, 9 
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27.2 2.4 
γ-Al2O3 (4.0) 8.1 41.0 0.1, 
71.8 
11 
ZnO (5.61) 9.5 0.8 48.6 0.8, 
43.4 
12, 13 
CuO (6.315) 9.5 22.97 0.27, 
1.23 
12, 14 
α-Fe2O3 
(5.242) 
8.1 1.1 45.6 1.8 0.3 0.4, 
50.4 3.4 
8, 9 
Fe3O4 (5.18) 7 48.9±1.0 0.08±0.03, 
39±5 
8, 15 
ZrO2 (5.68) 5.5 2.7 34.8 2.5 
35.45 
1.3 0.9, 
3.6 1.7 
 
 
8, 9, 16 
1.97 
6.51 
MgO (3.65) 10.75 34.68 2.30, 
16.44 
8, 16 
Y2O3 (5.01) 9.5 1.6 34.95 1.87, 
9.24 
8, 16 
WO3 (7.16) 0.5 60* 
a 17, 18 
SnO2 (6.95) 4.8 0.8 31.1 3.2 2.9 1.2, 
8.5 2.5 
9, 12 
NiO (6.67) 10.6 0.7 60* a 12 
Cr2O3 (5.22) 7.2 1.0 38.5 0.740, 
 9.70 
12, 19 
CoO (6.44) 9.9 1.6? 0.21 
45 239 
a 18, 20 
La2O3 (6.51) 10 60?* 
a 12 
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Au (19.3) - 42.1 0.160, 
5.64 
19 
ZnS (4.09) 2 48.9  0.0, 
38.0 
13, 21 
fullerene C60 (1.72) 1 40.6 5.8 1.0 1.7, 
5.9 8.0 
22, 23 
Polystyrene (C8H8)n 
(1.05) 
- 37.54 0.57, 
5.27 
1 
Table SI2.1: Physicochemical properties for various NMs and polymorphs. Points of zero charge, 798 
         and surface tension components   
  ,   
  and   
  were used as input parameters in this modelling study. aWhen no data 799 
could be found in literature,   
  and   
  were set equal to the values for NPs with comparable hydrophobicity. 800 
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SI3. Parameters for adsorption 856 
 857 
The NP number concentration in the adsorbent layer was determined via the expression 
   
  
 858 
            . For the determination of the time-dependent diffusion constants   the Stokes-Einstein 859 
relation was used:      
   
        
, where    represents the hydrodynamic radius as determined via 860 
agglomeration kinetics. Employing a general and simplistic case, the rate-limiting factor   for transport 861 
across a diffuse double layer was estimated via        
 
 
     
    
 
   
 
   
        
    
      
  
 for 862 
an energetic barrier with the shape of a truncated parabola [1, 2].     
  is the energy profile constructed by 863 
the summation of Van de Waals, electrostatic and acid-base energies between the NP and the membrane 864 
(in sphere-plate geometry):     
      
    
     
 . These expressions are analogous to the 865 
expressions in section SI1 and are given by [3, 4]: 866 
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Where the Lifshitz-van de Waals and Lewis acid-base interaction energies were calculated from  871 
    
       
      
            
    and     
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    , where   
   30 mJ/m2;   
  0.3 mJ/m2;   
  30 873 
44 
 
mJ/m
2
 are the surface tension components of the model membrane, as are common for many types of 874 
biological materials [5, 6]. The reduced potential at the Stern layer of the membrane   
  and 875 
corresponding potential in the diffuse layer were determined analogously to NPs as described in SI1. We 876 
used -40 mV as the surface potential of the membrane as is common for a range of cell lines and 877 
experimental conditions. Here, we disregarded OM steric and bridging interactions because we did not 878 
consider the OM-coating of the negatively charged model membrane.  879 
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SI4. Parameters for permeation 894 
 895 
We used the following formula to estimate the permeability 
   
  
 of the model membranes for NPs and 896 
agglomerates as function of permeate size and lipophilicity: 897 
 898 
        
   
  
 
   
       
        with        
     
   
  899 
 900 
Where    is the diffusivity of the membrane, 2.0×10
-27
 ms
-1 
;      is the time-dependent  permeate 901 
hydrodynamic volume, as approximated via      
 
 
      
 ;    is the particle number concentration in 902 
the adsorbent layer and    is the thickness of the membrane, taken to be 6.8 nm. From literature [2, 3] 903 
size scaling factors   for hydrophobic and semi-hydrophobic NP agglomerates could be derived: 0.8 for 904 
fullerene agglomerates and 0.1-1.1 for agglomerates with variable hydrophobicity (relative 905 
hydrophobicity H = 0.56-0.75). These values were in agreement with scaling factors for organic 906 
molecules. Consequently, we set the scaling factor s constant at 0.8. 907 
 908 
The partition coefficient   was computed from the free energy of transfer from water to the membrane 909 
region      . From contact angle measurements (table SI2.1) it was observed that hydrophilicity was 910 
similar for a range of metal oxides. For this reason we extrapolated the value for  , as found to be ~1×105 911 
for fullerenol and silica (see table SI5.1) to all hydrophilic NPs. As a better indicator for relative 912 
lipophilicity, values for       were standardized to accompany the effect of NP size via its relationship 913 
with surface area:      
 
 
 
 
 (table SI5.1). To the opinion of the authors this standardization without 914 
including bilayer curving energy is justified because of the small size of the NP relative to bilayer 915 
thickness. 916 
 917 
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 NP 
diameter 
  (nm) 
Membrane 
constituent 
      
(kBT) 
      
(J/m
2
) 
Log( ) reference 
Au 2.0 DMPC -1.8×102 5.9×10-2 78 4 
(C8H8)n 1.3 DPPC -1.5×10
2 1.1×10-1   63 5 
C60 ~1.0 DPPC -3.3×10
1 ~4.3×10-2 14 6 
C60(OH)20 ~1.0 DPPC -1.2×10
1 ~4.0×10-2 5.2 7 
(SiO1.5)8 ~0.6 DPPC -1.1×10
1 ~1.6×10-2 4.8 6 
Table SI5.1: Energies of transfer from water to membrane and corresponding theoretical partitioning ratios. 918 
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SI5. Characterization of OM and OM adsorption 937 
 938 
NOM in most natural waters consists for about 40% fulvic acids (FA), 10% humic acids (HA), 10% 939 
polysaccharides (PS) and 40% low molecular weight acids (LMWA), fig. S7.1 [1-4]. Upon release of a 940 
NP suspension in a body of natural water rapid organic matter adsorption is often observed [5-7]; it is 941 
assumed that NOM characteristics can be related to the adsorption kinetics [8, 9]. Adsorption mechanisms 942 
have been extensively debated: Belessi et al. [10] proposed that limiting adsorption kinetics may be due to 943 
electrostatic interaction between deprotonated carboxylic acid and phenolic acid groups and the NP 944 
surface. Additionally, hydrophobic binding forces have shown to depend on the number of hydrophobic 945 
derivates in the NOM and its structural conformation. Apart from ligand exchange interactions and 946 
hydrophobic forces that may contribute to about 30% and 10% of the NOM binding forces, multivalent 947 
cation bridging (40%) and Van de Waals forces (20%) have shown to affect the sorbate-sorbent binding 948 
for natural clays [11]. Moreover, specific binding mechanisms, i.e. thiol-bridging for gold, may be (de-949 
)activated by the application of specific ionic strength or pH regimes, thereby causing inter-particle 950 
variations in adsorption affinities. 951 
 952 
 953 
Fig. SI7.1. General composition (a) and concentrations (b) of NOM in natural aqueous matrices. After Thurman, 1985 [1]. HAs 954 
are commonly the largest natural organic molecules in natural waters (2-6 nm), FAs are smaller (0.5-2 nm). FAs normally contain 955 
a higher number of carboxylic and phenolic acid groups (6-13 meq/g) than HAs (1-9 meq/g) [12-14]. Most natural organic 956 
molecules show charging, dependent of environmental pH [15-17]. Commonly the larger the organic matter species, the larger 957 
the fraction of hydrophobic derivates in the NOM substance. 958 
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 959 
Despite the large amount of factors and interrelated processes influencing NOM adsorption, general 960 
kinetic models have been used successfully. Following simple first order kinetics and monolayer limited 961 
random sequential adsorption (RSA), we used a Langmuir isotherm to estimate the fractional coverage of 962 
NPs [2, 18, 23]: 963 
 964 
      
 
  
 
     
       
 
 965 
Where     is the OM concentration in the bulk medium. For our modeling purpose we approximated the 966 
characteristic Langmuir adsorption affinity    to be constant as it is relatively unaffected by the origin of 967 
the OM, i.e. proteins, natural organic acids or synthetic polymers, or experimental conditions   ,    and 968 
particle sizes   (table SI7.1). 969 
 970 
Substrate    OM species Reference 
Silica, SiO2 3×10
-3 
BSA, HA 20, 21 
Alumina, γ-Al2O3 2×10
0 
BSA, four HA fractions 20, 22 
Hematite, α-Fe2O3 7×10
-1 
HA, microcystin-LR 21, 23 
Titanium dioxide, TiO2 4×10
-2 
BSA, AHA, HA, adipic acid, oxalic acid 20, 24, 25 
Zinc oxide, ZnO 3×10
-1 
SRNOM, BSA 26, 27 
Ceria, CeO2 3×10
-1 
benzoic acid, phthalic acid, HA, Phosphonated-PEG 28, 29, 30, 31 
Table SI7.1: Langmuir adsorption affinities    of several metal oxides for organic matter used in the simulation. BSA: Bovine 971 
Serum Albumin, HA: Humic Acid, AHA: Aldrich Humic Acid, SRNOM: Suwannee River Natural Organic Matter. 972 
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